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1  | INTRODUC TION
Subterranean larvae of the western corn rootworm, Diabrotica vir-
gifera virgifera LeConte, feed on maize roots, causing damage that 
interferes with the plant’s ability to uptake water and nutrients, and 
severe feeding damage can ultimately cause the plants to lose struc-
tural support (Kahler, Olness, Sutter, Dybing, & Devine, 1985). Costs 
to growers for yield losses and insect management now exceed $2B 
per year in the United States (Mitchell, 2011), and the insect has 
now become a concern in Europe as well (Kiss, Komaromi, Bayar, 
Edwards, & Hatala- Zseller, 2005). A variety of control options are 
available, but many of these management tools are now being chal-
lenged because the western corn rootworm has developed resis-
tance to them. In large regions of the midwestern United States, the 
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Abstract
Feeding behaviour, feeding intensity and staying behaviour of neonate western corn 
rootworm larvae (Diabrotica virgifera virgifera LeConte) were evaluated in response to 
synthetic feeding stimulant blends to determine larval preferences among the three 
maize root sugars (glucose, fructose and sucrose) in the active blend and to deter-
mine whether any single sugar can substitute for the 3- sugar combination in a feed-
ing stimulant blend. These experiments demonstrated the strong affinity that 
western corn rootworm larvae have for the natural sugars found in maize roots and 
also showed that sucrose is the most preferred of the three primary maize root sug-
ars. The blend containing sucrose at 30 mg/ml elicited feeding that was not signifi-
cantly different than the natural glucose:fructose:sucrose blend. In subtraction 
bioassays, removal of sucrose from the blend resulted in significantly fewer larvae 
feeding. When the three- sugar blend was substituted with one of the number of vari-
ous mono- , di- or trisaccharides, fewer larvae fed on all of the treatments compared 
to the blend with sucrose, except for the blend with maltose. In feeding choice tests, 
larvae preferred a blend containing sucrose over blends with either glucose or fruc-
tose, but larvae chose equally between a blend with sucrose and a blend containing 
the three- sugar mixture found in maize roots. Based on these results, a feeding stim-
ulant blend with glucose (30 mg/ml), fructose (4 mg/ml) and sucrose (4 mg/ml) elicits 
the strongest feeding response, but sucrose alone, in amounts equivalent to the total 
maize root sugar concentration (30 mg/ml), could serve as a substitute for the 3- 
sugar mixture in a synthetic feeding stimulant blend.
K E Y W O R D S
bioassay, Diabrotica, disaccharide, monosaccharide, sucrose, Zea mays
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of maize with soybean, Glycine max (L.) Merr. (Onstad et al., 2003). 
Field resistance to Cry3Bb1 Bt maize (Gassmann, Petzold- Maxwell, 
Keweshan, & Dunbar, 2011), Cry34/35Ab1 (Ludwick et al., 2017), 
and cross- resistance between Cry3Bb1, mCry3A and eCry3.1Ab 
(Zukoff et al., 2016), has been reported, although pyramided genes, 
an alternative strategy that incorporates multiple rootworm Bt traits 
in a single hybrid, still provide adequate rootworm control in most 
areas (Head et al., 2014; Schrader, Estes, Tinsley, Gassmann, & Gray, 
2016; Zukoff et al., 2016). Recent studies suggest that larvae are 
developing resistance to traditional pyrethroid insecticides (i.e., bi-
fenthrin) used to supplement, or in place of, Bt maize (Pereira et al., 
2015).
Given this current situation, it is important to investigate other 
management options, including alternative strategies based on the 
chemical and behavioural interactions between the pest and its host 
plant. Towards this goal, we have isolated and identified key com-
pounds from maize roots that elicit specific host location behaviours 
by neonate western corn rootworm larvae (Bernklau, 2003; Bernklau 
& Bjostad, 2008; Bernklau, Hibbard, & Bjostad, 2015a). In previous 
work, we extracted feeding stimulants from maize roots and deter-
mined that the active blend contains a mixture of glucose (30 mg/
ml), fructose (4 mg/ml) and sucrose (4 mg/ml) plus one free fatty acid 
(FFA) (0.3 mg/ml) (Bernklau & Bjostad, 2008). In laboratory experi-
ments, a synthetic blend of these compounds elicited strong feeding 
that was not significantly different from the feeding on a maize root 
extract (Bernklau & Bjostad, 2008) and, when combined with a toxin, 
the active feeding blend improved the efficacy of the insecticide by 
10,000- fold (Bernklau, Bjostad, & Hibbard, 2011).
The chemical feeding preferences of rootworm larvae are in 
stark contrast to those of the adult beetles. Bitter cucurbitacins are 
potent feeding stimulants for Diabroticite adults (Derr, Kieckhefer, & 
Randall, 1964; Eben, Bearbercheck, & Aluja, 1997; Howe, Sanborn, 
& Rhodes, 1976; Rhodes, Metcalf, & Metcalf, 1980) and have been 
used effectively in baits and lures for control of western corn root-
worm (Behle, 2001; Chandler, 2003; Lance, 1993). Adult beetles also 
feed readily on flower pollen (Hollister & Mullin, 1999) and a num-
ber of compounds (and blends of compounds) found in pollen have 
been reported as feeding stimulants, including amino acids, lipids, 
amides and flavanols (Hollister & Mullin, 1999; Kim & Mullin, 1998), 
and the three sugars: glucose, fructose and sucrose (Kim & Mullin, 
2007). While no studies have directly compared beetle responses 
to cucurbits and sugars, adult southern corn rootworm (Diabrotica 
undecimpunctata howardi Barber) was shown to prefer maize roots 
(with no cucurbitacins) over bitter cucurbit roots (Deheer & Tallamy, 
1991; Tallamy & Halaweish, 1993).
Sugars have previously been reported as general feeding stim-
ulants for a number of phytophagous insects (Bernays & Chapman, 
1994; Bernays & Simpson, 1982), including (but not limited to) bees 
(Baker & Baker, 1983), butterflies and moths (adults and larvae) (Juma 
et al., 2013; Martin & Shields, 2012; Sood, Choudhary, Prabhaker, & 
Mehta, 2013), flies (Hu, Duan, & Prokopy, 1998; Prokopy & Bush, 
1972; Prokopy, Chandler, & Wright, 2003), beetles (Hori, Nakamura, 
Fujii, Suzuki, & Matsuda, 2011) and termites (Saran & Rust, 2008). 
The phagostimulatory effects of the three sugars of interest (glu-
cose, sucrose and fructose) on larval and adult insects have been 
comprehensively studied (Bernays & Chapman, 1994; Chapman, 
2003). Sucrose has previously been reported as a phagostimulant for 
rootworm larvae (Branson, 1982), and in our own efforts with root-
worm larvae, we found that the three- sugar blend from maize roots 
(glucose, sucrose and fructose) elicited feeding by approximately 
50% of the larvae (Bernklau & Bjostad, 2008). A fraction containing 
the FFA isolated from maize roots did not elicit feeding, but when 
the FFA was combined with the sugar blend, we observed strong, 
vigorous feeding for 30 min. Likewise, Hori et al. (2011) showed that 
two lipids, methyl linoleate and methyl linolenate, do not serve as 
feeding stimulants, either alone or combined, but rather they act 
synergistically with a glucose:fructose:sucrose blend to elicit feed-
ing by the lady beetle Henosepilachna vigintioctomaculata.
Given the robust activity of the four- part feeding stimulant blend 
for western corn rootworm larvae, it may be possible to use these 
compounds in an “attract- and- kill” method of rootworm control 
whereby insecticide granules are placed in the soil that lure larvae 
and entice them to feed. Before implementing this strategy, it is im-
portant to optimize the behavioural components of the active feed-
ing blend. In previous experiments to evaluate the FFA component 
of the feeding stimulant blend, larval feeding was affected by the 
specific structure as well as the concentration of the FFA. In this 
study, we examined the sugar component of the blend by testing 
larval feeding responses to blends containing different amounts of 
the maize sugars and by testing a number of individual sugars as po-
tential substitutes for the 3- sugar blend.
2  | MATERIAL S AND METHODS
2.1 | Insects
WCR (nondiapausing strain) eggs were shipped in soil- filled Petri 
dishes from the USDA- ARS Plant Genetics Research Unit in 
Columbia, Missouri. The source insects were reared on corn plants 
using methods described by Jackson (1985) and modified by Hibbard 
and Bjostad (1988). The eggs were incubated at 25°C and unfed lar-
vae were used in behavioural bioassays within 16 hr of hatching.
2.2 | Preparation of treatment blends
Filter paper (Whatman No. 4; Springfield Mill, Maidstone, Kent, 
UK) was cut into discs (1.5 cm diameter) with a gasket punch (Blue 
Point 11 piece gasket punch set, Snap- On Tools Corp., Kenosha, WI, 
USA). The discs were washed by agitation with a magnetic stir bar 
in deionized water (7 min) and air- dried. Compounds to be tested 
in the feeding stimulant blends were purchased from Sigma- Aldrich, 
Inc. (St. Paul, MN, USA) (Table 1). For feeding bioassays, each sugar 
compound was combined, at the desired concentration, with linoleic 
acid (0.3 mg/ml) in a solution of 50:50 acetone:water. In a previous 
study, we showed that a FFA (linoleic acid or oleic acid) is an essen-
tial component of the feeding stimulant blend (Bernklau & Bjostad, 
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2008). Without the FFA, the maize root sugars alone elicited feeding 
by approximately 50% of the larvae tested, but the addition of one 
FFA from maize roots improved feeding to 100% of the larvae and 
elicited stronger, more vigorous feeding (Bernklau & Bjostad, 2008). 
Therefore, an active concentration of linoleic acid was added to 
every sugar to create a feeding stimulant blend. A 35 μl aliquot of a 
treatment blend was applied to each disc and the discs were allowed 
to air dry for 24 hr.
2.3 | Larval bioassays
Feeding bioassays were conducted in a feeding chamber designed 
to accommodate neonate larvae (Bernklau & Bjostad, 2008). To con-
struct the chamber, a ring of blotter paper (Steel Blue; Anchor Paper 
Company, St. Paul, MN, USA, cut 1 cm wide and 5 cm in diameter) 
was thoroughly moistened with water and placed in the bottom of 
an inverted lid of a small Petri dish (5 cm diameter). The bottom half 
of the Petri dish was placed (flat surface down) gently on top of the 
blotter paper ring, so that a small (2 mm) gap remained between the 
two surfaces of the Petri dish. For bioassays, a single treated filter 
paper disc was placed in the centre of the Petri dish (treated side 
up) and then moistened with 30 μl distilled water containing 0.1% 
(w/v) of a water- soluble fluorescent powder (D- 282, UV- blue opti-
cal brightener; DayGlo Color Corp., Cleveland, OH, USA). Using a 
soft paintbrush, five neonate larvae were gently placed in the middle 
of the treatment disc and the Petri dish cover was replaced. After 
30 min, the number of larvae that remained on the treatment disc 
was recorded and all of the larvae were recovered from the feeding 
chamber and individually evaluated for feeding. Larvae were viewed 
with a dissecting scope in a darkened room, under ultraviolet light 
(GE Model 23301- A with F15T8 Blacklamp bulb; General Electric 
Co., St. Louis, MO, USA). Using this method, the digestive tract of a 
larva fluoresced if the larva had fed on the treated filter paper sub-
strate (Bernklau et al., 2011). Fluorescent intensity was rated on a 
scale from 0 to 5 (Bernklau, Hibbard, & Bjostad, 2015b).
2.4 | Bioassays with glucose, sucrose and fructose
The three major sugars identified from maize roots (glucose, sucrose 
and fructose) were tested individually at three different concentra-
tions to determine larval preferences. The purpose of this experi-
ment was to compare larval responses to the different components 
of the feeding stimulant blend and to test responses of the larvae 
to different concentrations of each of the three sugars. Glucose 
occurs in the active root extract at 30 mg/ml and fructose and su-
crose are present at approximately 4 mg/ml (Bernklau & Bjostad, 
2008). We selected concentrations of 3, 10 and 30 mg/ml to cover 
this range. Solutions were prepared (as described above) that con-
tained glucose, sucrose or fructose (Table 1) at 3, 10 or 30 mg/ml. 
For purposes described above, each solution also contained linoleic 
acid (18:2 FFA, Sigma- Aldrich, St. Louis, MO, USA Cat No. L1376) 
TABLE  1 Sugars tested in synthetic blends in rootworm larval 
feeding bioassays
Sugar Type Structure Cat. no.a
Allose Monosaccharide Aldohexose (d) 285005
Arabinose Monosaccharide Aldopentose (l) 1042055
Fucose Monosaccharide Methylpentose (l) F2252
Fructose Monosaccharide Ketohexose (d) 1286504
Galactose Monosaccharide Aldohexose (d) G0750
Glucose Monosaccharide Aldohexose (d) G8270
Lyxose Monosaccharide Aldopentose (d) 220477
Mannose Monosaccharide Aldohexose (d) M6020
Psicose Monosaccharide Ketohexose (d) P8043
Rhamnose Monosaccharide Methylpentose (l) R3875
Ribose Monosaccharide Aldopentose (d) R7500
Sorbose Monosaccharide Ketohexose (l) 85541
Talose Monosaccharide Aldohexose (d) 86265
Tagatose Monosaccharide Ketohexose (d) T2751
Xylose Monosaccharide Aldopentose (d) X1500
Cellobiose Disaccharide d glucose + d 
glucose  
beta (1- 4) 
linkage
C7252
Lactose Disaccharide d galactose + d 
glucose 
beta (1- 4) 
linkage
A1206000
Maltose Disaccharide d glucose + d 
glucose 
alpha (1- 4) 
linkage
1375025
Melibiose Disaccharide d galactose + d 
glucose 
alpha (1- 6) 
linkage
M5500
Sucrose Disaccharide d glucose + d 
fructose 
alpha (1- 2) 
linkage
S- 9378
Trehalose Disaccharide d glucose + d 
glucose 
alpha (1- 1) 
linkage
T9531
Maltotriose Trisaccharide d glucose + d 
glucose + d 
glucose 
alpha (1- 4), alpha 
(1- 4) linkages
M8378
Melezitose Trisaccharide d glucose + d 
fructose + d 
glucose 
 (alpha (1- 2), 
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at 0.3 mg/ml. The full feeding stimulant blend which consists of 
glucose:fructose:sucrose at 30:4:4 mg/ml (GFS) plus linoleic acid at 
0.3 mg/ml, was used as a positive control and distilled water was 
used as a negative control. A total of 30 individual larvae were tested 
with each treatment in six replications of five larvae per replication. 
The replications were conducted one at a time with the treatments 
being tested in a random order.
2.5 | Subtraction feeding bioassays
Feeding bioassays were conducted with alterations of the active 
blend, whereby for each treatment, one of the three sugars was 
eliminated from the blend. The GFS blend was used as a positive 
control and distilled water was the negative control. With the excep-
tion of the negative control (water), all blends contained 0.3 mg/ml 
linoleic acid. A total of 50 individual larvae were tested with each 
treatment in 10 replications of five larvae per replication. The rep-
lications were conducted one at a time with the treatments being 
tested in a random order.
2.6 | Bioassays with monosaccharides
Feeding bioassays with the test compounds were conducted in 
three separate experiments. In the first experiment, 15 monosac-
charides (Table 1) were tested. Test solutions contained 30 mg/ml of 
an individual monosaccharide, plus 0.3 mg/ml linoleic acid. A blend 
containing 30:0.3 mg/ml sucrose:linoleic acid was used as a positive 
control and distilled water was the negative control. A total of 30 
individual larvae were tested with each treatment in six replications 
of five larvae per replication. The replications were conducted one 
at a time with the treatments being tested in a random order.
2.7 | Bioassays with di- and trisaccharides
In the second experiment, five disaccharides and two trisaccharides 
(Table 1) were tested. Test solutions contained 30 mg/ml of an indi-
vidual sugar, plus 0.3 mg/ml linoleic acid. The positive and negative 
controls were the same as in the previous experiment. A total of 30 
individual larvae were tested with each treatment in six replications 
of five larvae per replication. The replications were conducted one 
at a time with the treatments being tested in a random order.
2.8 | Feeding choice- test bioassays
A short- term test was conducted to determine initial responses of 
larvae to choices of feeding stimulant blends containing all three or 
only one of the three maize root sugars (glucose, sucrose and fruc-
tose). Treatment discs were prepared as described previously using 
larger (25 mm diameter) discs to which 100 μl of test solution was 
applied. Once dried, the discs were cut into halves and two half- discs 
with different treatments were placed in the bioassay arena, remois-
tened with 50 μl water and the straight edges were pushed together 
leaving a 0.5 mm gap. Six neonate larvae were carefully transferred 
onto the discs and larvae were placed directly onto the gap so that 
each side of the head was in contact with the corresponding half- 
disc. After 5 min, the number of larvae actively feeding on each 
treatment was recorded. Active feeding was determined by the larva 
either vigorously chewing on the filter paper or the larva staying in 
one place and frequently digging its mandibles into the paper to take 
small “bites”. In the first test, the blend with GFS was tested vs. a 
blend containing 30 mg/ml of glucose, fructose or sucrose. A total of 
eight replications were conducted for each pair of treatments. In the 
second test, the blends contained only one sugar: glucose, fructose 
or sucrose. A total of 11 replications were conducted for each pair 
of treatments.
2.9 | Statistical analysis
Feeding and staying data were recorded as binomial and analysed 
with a general linear model (McCullagh & Nelder, 1989) as imple-
mented in PROC GENMOD of the SAS statistical package (SAS 
Institute 2017). We used a logit link function with a binomial distri-
bution and the REPEATED option with subject set to each replicate 
dish to account for any group effects within replications. For treat-
ments with 0% feeding, one data point was changed (from a “0” to a 
“1”) for the GENMOD analysis because the model requires variation 
to run. Comparisons between treatments were determined with the 
Least Square Means Test using the LSMEANS test statement within 
GENMOD (∝ = 0.05). On the graphs (Figures 1–4), % larvae feeding 
and % larvae staying represents the percentage of the total number 
of larvae tested with each treatment.
For feeding intensity, the wide variation in the percentage of 
larvae that fed at all in any given experiment did not allow the use 
of normal parametric analysis, and therefore, a nonparametric ap-
proach was used. Data were transformed (ln (x + 0.1)) to meet the as-
sumption of normality (Sokal & Rohlf, 1981), a nonparametric analysis 
was conducted with JMP (SAS Institute 2015) and the Steel–Dwass 
method was used for comparisons between treatments (∝ = 0.05).
For feeding choice bioassays, Student’s t tests were conducted 
with JMP (SAS Institute 2015) to determine significant differences 
between each pair of treatments (∝ = 0.05).
3  | RESULTS
3.1 | Bioassays with glucose, sucrose and fructose
For feeding behaviour (χ2 = 30.38; df = 11, p = 0.0014) (Figure 1a), 
the control blend with GFS elicited feeding by significantly more lar-
vae (86.67%) than any of the blends with individual sugars except 
for the blend with 30 mg/ml sucrose (80.00%) and the blend with 
30 mg/ml fructose (60.00%), although the responses to this blend 
were qualitatively lower. There were no significant differences in 
feeding (p < 0.05) between the filter paper control (3.33%), linoleic 
acid alone (16.67%), or the blends with glucose at 3 mg/ml (13.33%), 
and glucose at 10 mg/ml (16.67%). For feeding intensity (q = 3.21, 
∝ = 0.05) (Figure 1b), the FI was significantly greater for the blend 
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with GFS (3.54 ± 0.26 FI) than for the blend with 3 mg/ml fructose 
(1.91 ± 0.25 FI). There were no significant differences in staying be-
haviour between any of the treatments tested (χ2 = 19.17; df = 11; 
p = 0.0582) (Figure 1c). Qualitatively, more larvae stayed on the 
blend with GFS (90.00%) than on any other blend tested.
3.2 | Subtraction bioassays
In experiments in which one of the three GFS sugars (glucose, su-
crose or fructose) was eliminated from each of the feeding stimu-
lant blends (Figure 2a), only the filter paper control (2.00% of 
larvae feeding) and the blend without sucrose (GF, 48.00% larvae 
feeding) elicited significantly less feeding than the control blend 
with GFS (80.00% larvae feeding) (χ2 = 27.06; df = 4; p < 0.0001). 
For feeding intensity (q = 2.56, ∝ = 0.05) (Figure 2b), there were 
no significant differences in FI between any of the treatments 
tested. The blend without sucrose (GF) had FI (2.83 ± 0.38) that 
was qualitatively lower than the other three blends. For staying 
behaviour (χ2 = 12.94; df = 4; p = 0.0116) (Figure 2c), only the fil-
ter paper control (26.00%) and the blend without sucrose (GF, 
46.00%) elicited significantly less staying than the blend with GFS 
(76.00%).
F IGURE  1 Responses of neonate 
western corn rootworm larvae to 
synthetic feeding stimulant blends with 
GFS (glucose:fructose:sucrose) or blends 
with individual maize sugars at 3, 10 
or 30 mg/ml. All blends contain FFA 
(linoleic acid) at 0.3 mg/ml. (a) Per cent 
larvae feeding on treated discs (Least 
Square Means Test). (b) Feeding intensity 
as determined by fluorescence (Steel–
Dwass method). (c) Larvae staying on 
treated discs (Least Square Means Test). 
A total of 30 larvae were tested with 
each treatment. Significant differences 
(∝ = 0.05) between treatments are 
indicated with different lower- case 
letters. Bars represent standard errors
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3.3 | Bioassays with monosaccharides
For feeding behaviour (χ2 = 41.78; df = 16; p = 0.0004) (Figure 3a), 
the blend containing sucrose elicited feeding by significantly more 
larvae (86.67%) than any of the other treatment blends. No larvae 
fed on the filter paper control or the blend with psicose. There were 
no significant differences in feeding between the filter paper con-
trol (0.00%) and the blends containing tagatose (13.33%), lyxose 
(13.33%), ribose (13.33%) or talose (10.00%). For feeding intensity 
(q = 2.88, ∝ = 0.05) (Figure 3b), the blend with rhamnose (2.08 ± 0.29 
FI) had feeding intensity that was significantly lower than the blend 
containing sucrose (3.73 ± 0.29 FI), but there were no other sig-
nificant differences between treatments. For staying behaviour 
(χ2 = 26.22; df = 16; p = 0.0510) (Figure 3c), there were no signifi-
cantly differences between any of the blends tested. Qualitatively, 
more larvae stayed on the blend containing sucrose (93.33%) than 
on the other treatments.
3.4 | Bioassays with di- and trisaccharides
For the tests with blends containing di- or trisaccharides (χ2 = 30.07; 
df = 8; p = 0.0002) (Figure 4a), the blend containing sucrose elicited 
feeding by significantly more larvae (86.67%) than any of the other 
treatments except the blend with maltose (76.67%). Significantly 
fewer larvae fed on the blends containing trehalose (10.00%), lactose 
(20.00%) or melibiose (23.33%) than on the blend with maltotriose 
(53.33%). For feeding intensity (q = 3.63, ∝ = 0.05) (Figure 4b), there 
were no significant differences between any of the blends tested. 
Qualitatively, the blends with sucrose (3.81 ± 0.31 FI), maltotriose 
(4.06 ± 0.43 FI) and melezitose (3.87 ± 0.41 FI) each had a higher 
FI than any of the other blends. For staying behaviour (χ2 = 11.68; 
df = 8; p = 0.166) (Figure 4c), there were no significantly differences 
between any of the blends tested. Qualitatively, more larvae stayed 
on the sucrose (86.67%) than on any of the other treatments.
3.5 | Feeding choice- test bioassays
Significantly more larvae chose the blend containing GFS over the 
blend with either glucose (p = 0.0235) or fructose (p = 0.0356), 
but there was no difference between the blend with GFS and the 
blend with sucrose (p = 0.5419) (Figure 5a). Significantly more lar-
vae chose the blend with sucrose over the blend with either glu-
cose (p = 0.0009) or fructose (p = 0.0137) and more larvae chose 
the blend with glucose over the blend with fructose (p = 0.0413) 
(Figure 5b).
4  | DISCUSSION
This study was inspired by the concept of using a feeding stimu-
lant blend in an “attract- and- kill” strategy to control western corn 
rootworm larvae. We previously showed that relatively high con-
centrations of carbon dioxide in the soil can prevent larvae from 
locating corn roots in the soil (Bernklau, 2003; Bernklau, Fromm, 
& Bjostad, 2004) and in soil tests, a number of carbon dioxide- 
producing formulations were effective in disrupting host loca-
tion by neonate western corn rootworm larvae (Bernklau et al., 
2004). Although the treatments were used successfully in labora-
tory soil bioassays, they were not as effective in the field envi-
ronment (Bernklau, 2003) where it is necessary to sustain carbon 
dioxide production over a period of several weeks in order to ob-
tain rootworm control (Toepfer & Kuhlmann, 2006). Schumann, 
Patel, and Vidal (2014) recently developed a novel attract- and- kill 
method based on slow release of carbon dioxide. Using carbon 
F IGURE  2 Responses of neonate western corn rootworm 
larvae to synthetic feeding stimulant blends with one maize sugar 
removed from the blend containing GFS (glucose:fructose:sucrose). 
All blends contain free fatty acid (linoleic acid) at 0.3 mg/ml. (a) 
Per cent larvae feeding on treated discs (Least Square Means 
Test). (b) Feeding intensity as determined by fluorescence (Steel–
Dwass method). (c) Larvae staying on treated discs (Least Square 
Means Test). A total of 50 larvae were tested with each treatment. 
Significant differences (∝ = 0.05) between treatments are indicated 
with different lower- case letters. Bars represent standard errors
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dioxide- producing capsules to attract larvae to tefluthrin insec-
ticide, larval densities around the treated maize plants were re-
duced by 24%–27%. Hiltpold, Hibbard, French, and Turlings (2012) 
used a blend of feeding stimulants (linoleic acid, stearic acid, 
glucose, fructose, sucrose and MBOA) to attract western corn 
rootworm larvae to calcium alginate- coated capsules containing 
entomopathogenic nematodes. Likewise, a synthetic feeding stim-
ulant blend might enhance the attract- and- kill strategy employed 
by Schumann et al. (2014) by increasing the attractiveness of their 
CO2- producing bait pellets.
Towards the goal of practical application, one objective of the 
current study was to determine the most effective blend of feeding 
stimulants as it pertains to the sugar component. Our results clearly 
show that western corn rootworm larvae have a strong affinity for 
the three- sugar blend that we originally identified from maize roots 
(glucose, fructose and sucrose) (Bernklau & Bjostad, 2008). When 
we compared feeding on a blend containing this mixture of sugars 
(GFS) with feeding on blends made with each of the maize root sugars 
individually, the GFS blend elicited feeding by more larvae (86.67%) 
than any of the other blends (Figure 1a). In short- term choice tests 
F IGURE  3 Responses of neonate 
western corn rootworm larvae to 
synthetic feeding stimulant blends 
containing individual monosaccharides 
at 30 mg/ml. All blends contain free 
fatty acid (linoleic acid) at 0.3 mg/ml. (a) 
Per cent larvae feeding on treated discs 
(Least Square Means Test). (b) Feeding 
intensity as determined by fluorescence 
(Steel–Dwass method). (c) Larvae 
staying on treated discs (Least Square 
Means Test). A total of 30 larvae were 
tested with each treatment. Significant 
differences (∝ = 0.05) between treatments 
are indicated with different lower- case 
letters. Bars represent standard errors
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designed to determine initial larval responses to various feeding stim-
ulant blends, larvae chose the GFS blend over the blends with only 
fructose or glucose. Although fructose also occurs in maize roots 
(Bernklau & Bjostad, 2008) larval responses to fructose were gener-
ally (qualitatively) weaker than the responses to the blend with GFS, 
although in the choice test larvae chose equally between a blend with 
GFS and the blend with only fructose. Glucose is the most abundant 
sugar in maize roots (Bernklau & Bjostad, 2008; Kraffczyk, Trolldenier, 
& Beringer, 1984; Zhu et al., 2018), but in our experiments, the blends 
with glucose did not elicit strong feeding by the larvae.
We conclude from this series of experiments that sucrose is the 
single sugar most preferred by western corn rootworm larvae. This 
result is surprising given that sucrose makes up a small proportion 
of the sugars in maize roots (Bernklau & Bjostad, 2008; Kraffczyk 
et al., 1984). Of the three individual maize sugars tested (Figure 1a), 
the blend with sucrose at 30 mg/ml elicited the strongest feeding 
(80%) and this feeding response was not significantly different than 
the response to the GFS blend (Figure 1a). In the subtraction exper-
iment, larval feeding only dropped significantly when sucrose was 
removed from the blend (Figure 2a). Furthermore, in choice tests 
F IGURE  4 Responses of neonate 
western corn rootworm larvae to 
synthetic feeding stimulant blends 
containing individual di- or trisaccharides 
at 30 mg/ml. All blends contain free 
fatty acid (linoleic acid) at 0.3 mg/ml. (a) 
Per cent larvae feeding on treated discs 
(Least Square Means Test). (b) Feeding 
intensity as determined by fluorescence 
(Steel–Dwass method). (c) Larvae 
staying on treated discs (Least Square 
Means Test). A total of 30 larvae were 
tested with each treatment. Significant 
differences (∝ = 0.05) between treatments 
are indicated with different lower- case 
letters. Bars represent standard errors
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with single- sugar blends, the larvae clearly preferred a blend with 
sucrose over blends with either glucose or fructose (Figure 5b). 
Based on these results, if a synthetic feeding stimulant blend were 
to be employed as part of a rootworm control strategy, our results 
indicate that GFS should be the first choice of sugars as it elicits 
the strongest feeding response by neonate western corn rootworm 
larvae. However, sucrose alone, in amounts equivalent to the total 
maize root sugar concentration (30–38 mg/ml), could be used as a 
substitute for the GFS mixture in a simpler, 2- component (one sugar, 
one FFA) synthetic feeding stimulant blend.
While considering the possible field application of feeding 
stimulants, it occurred to us that alternative sugars might be used 
as substitutes for either GFS or sucrose, and therefore, we tested 
larval responses to a variety of mono- di- and trisaccharides. We se-
lected sugars that represent a variety of ring structures (pentose vs. 
hexose, aldo vs. keto, etc.), number of rings (mono- , di- and tri- ) and 
linkages (1- 4 alpha, 1- 4 beta, etc.) (Table 1). Most of these alternative 
sugars elicited poor responses by the larvae and only three candi-
dates (maltose, maltotriose and melezitose) resulted in >50% of the 
larvae feeding (Figure 4a). Only maltose, which elicited feeding by 
76.67% of the larvae could be considered as a reasonable substitute 
for sucrose.
There was no obvious correlation between the sugar structure 
(Table 1) (Berg & Tymoczko, 2007) and larval feeding (Figures 3a and 
4a). Responses to blends containing di- or trisaccharides were not 
generally greater or lesser than responses to the blends with mono-
saccharides, and there was wide variation within all of the structural 
groups. Likewise, the specific sugar structure did not seem to affect 
the larvae. For example, ketohexose structures elicited responses 
from 60% (fructose) to 0% (psicose) and responses to blends with 
the aldohexose sugars ranged from 63% (glucose) to 10% (talose). 
With regard to the di- and trisaccharides, it is difficult to distinguish 
any correlation because of variation in the individual structures. 
Sucrose is comprised of a molecule of glucose bonded to a molecule 
of fructose with an alpha (1- 2) linkage. Of all the substitute sugars, 
the most similar molecule is melezitose, a trisaccharide comprised of 
glucose and fructose (alpha 1- 2 linkage) plus another glucose (alpha 
1- 3 linkage) (Berg & Tymoczko, 2007). Based on our tests, melezi-
tose would be a poor substitute for sucrose as a feeding stimulant 
because it elicited feeding by only 50% of the larvae.
Our experiments included sugars that occur in maize, as well as 
sugars from nonmaize and even nonplant sources. Surprisingly, many 
of the sugars that occur naturally in maize roots (i.e., xylose, treha-
lose, arabinose, rhamnose, fucose and galactose) (Bacic, Moody, & 
Clarke, 1986; Chaboud, 1983; Richter, Erban, Kopka, & Zorb, 2015) 
performed no better than nonmaize sugars such as lactose (NCBI 
2017), melibiose (Boucher, Gaudreau, Champagne, Vadeboncoeur, 
& Moineau, 2002; Yoon & Hwang, 2008) and sorbose (Srivastava 
& Lasrado, 1998) or the rare hexose sugars that included allose 
(Izumori, 2002), d- psicose (Zerban & Sattler, 1942), melezitose 
(Izumori, 2002) and d- tagatose (Levin, 2004; Lu, Levin, & Donner, 
2007). Two of the weakest feeding responses were observed for 
cellobiose and ribose (Figures 3a and 4a), but this result was not 
unexpected as these sugars are structural building blocks of larger, 
general plant molecules (cellulose and RNA) (Hochholdinger, 2008) 
and would therefore not be expected to be perceived by insect taste 
receptors. Possible explanations for the lack of response to many of 
these compounds include nonpreference, feeding inhibition or the 
inability of larvae to detect the compounds.
In addition to the percentage of larvae feeding, we also eval-
uated larval feeding intensity (FI) on each test blend. Feeding in-
tensity was reported on a scale of 1–5, based on the brightness 
and pervasiveness of the fluorescence seen in the intestinal tract 
of the larvae (Bernklau et al., 2015b). Although there were qual-
itative differences in the FI among treatments, there were only 
two significant differences observed between the treatments in 
the three experiments (Figures 1b, 3b and 4b). This was not unex-
pected as we had reported previously that an increase in the num-
ber of larvae feeding is not necessarily correlated with an increase 
in FI (Bernklau et al., 2015b).
In earlier work, we determined that the FFA component of the 
feeding stimulant blend is largely responsible for the “staying” be-
haviour of the larvae. In feeding bioassays, blends of GFS to which a 
F IGURE  5 Choice- test feeding bioassays with neonate western 
corn rootworm larvae. All blends contain linoleic acid at 0.3 mg/
ml. (a) Blend with GFS (glucose:fructose:sucrose) vs. blends with 
a single maize sugar (at 30 mg/ml). (b) Blends with a single maize 
sugar. For each pair of treatments, (choices) different lower- case 
letters indicate a significant difference (p < 0.05) between the two 
choices (Student’s t test). Bars represent standard errors
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FFA had been added elicited staying by significantly more larvae than 
the GFS blend alone, and this arrestant behaviour was observed with 
a number of different FFAs (Bernklau et al., 2015b). This is consistent 
with the current study where, in the first experiment, the percentage 
of larvae staying on the treatment with linoleic acid alone was not sig-
nificantly different than staying on the blend with GFS plus linoleic acid 
(Figure 1c). Given the “staying” response to the FFA, which was added 
to every blend tested, staying behaviour is likely more useful for iden-
tifying sugars that may be repellent or otherwise “distasteful” enough 
to the larvae to cause them to leave the treatment disc. Examples from 
this study may include psicose, talose, sorbose, allose and cellobiose, 
all of which resulted in <50% of the larvae staying (Figures 3c and 4c).
A major challenge to the use of feeding stimulants in the soil 
is microbial degradation. Metabolism of carbohydrates from plant 
detritus by bacteria and fungi is essential to the soil carbon cycle, 
and among the most common compounds in decomposing soil or-
ganic matter (SOM) are sugars, which are breakdown products of 
polysaccharides such as starch and fructan (Kögel- Knabner, 2002). 
Sugars and proteins are the most easily digested compounds by 
soil microbes (Hoorman, 2010), and therefore, feeding stimulant 
blends containing sugars that are applied to the soil are not likely 
to last long enough to be effective against rootworm larvae. A sec-
ondary objective of this study was to identify substitutes for use 
in the feeding stimulant blend that will not break down as quickly 
in the soil as the GFS mixture. The only likely candidate sugar re-
vealed by our experiments is maltose. Unfortunately, maltose is 
readily hydrolysed by soil fungi and bacteria into molecules of glu-
cose (Mfombep & Senwo, 2012). If maltose, sucrose or the 3- sugar 
blend (GFS) from maize roots is to be employed in soil applications, 
additional development will be necessary to protect these mate-
rials from microbial degradation to improve their soil longevity. It 
may be possible to guard the active materials with encapsulation in 
calcium alginate (Robinson, 1995) or k- carrageenan (Cheong, Park, 
Kim, & Chang, 1993; Wijffels, de Gooijer, Kortekaas, & Tramper, 
1991) or with the addition of food grade antimicrobial preserva-
tives such as sodium benzoate, propionic acid, sorbic acid or ni-
trites (Davidson, Taylor, & Schmidt, 2013), assuming that these 
materials do not inhibit larval feeding.
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